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ABSTRACT
Microrheology is the study of ﬂuid ﬂows and material deformations on a microscopic scale. The study of
viscoelasticity of microscopic structures, such as cells, is one application of microrheometry. Another application
is to study biological and medical samples where only a limited volume (microlitres) of ﬂuid is available. This
second application is the focus of our work and we present a suitable microrheometer based on optical tweezers.
Optical tweezers are an optical trap created by a tightly focused laser beam. The gradient force at this focus
acts to trap transparent micron sized particles, which can be manipulated within the surrounding environment.
We use the polarisation of the incident ﬁeld to transfer angular momentum to a trapped spherical birefringent
particle. This causes the particle to rotate and measuring the polarisation of the forward scattered light allows
the optical torque applied to the sphere to be calculated. From the torque, the viscosity of the surrounding
liquid can be found. We present a technique that allows us to perform these measurements on microlitre volumes
of ﬂuid. By applying a time-dependent torque to the particle, the frequency response of the liquid can also be
determined, which allows viscoelasticity to be measured. This is left as a future direction for this project.
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1. INTRODUCTION
Microrheology is a ﬁeld of study that has recently drawn some interest, particularly for the application of
measuring the viscoelasticity of biological cells.1, 2 The techniques, such as magnetic tweezers,3 particle tracking4
and optical tweezers,5, 6 also have applications in measuring polymer solutions7 and potentially medical samples
such as eye ﬂuid,8 where only small volumes of sample are available. In this paper we discuss a technique based
on rotating optical tweezers, which has the advantage of being able to actively probe its environment and also
this environment is very localised due to the rotational motion of the particle.6 Methods to rotate particles
have been discussed in detail previously,9 and in particular the spherical birefringent calcium carbonate crystal,
vaterite, has been used for viscosity measurements, ﬂow ﬁeld measurements and as a microﬂuidic pump.6, 10–12
2. THEORY
A particle that is trapped by optical tweezers13 can be rotated by transferring angular momentum from the laser
beam to the particle. Light carries two forms of angular momentum: spin, which is associated with the light’s
polarisation and orbital, which arises from the light’s phase structure. In this paper, spin angular momentum
is transferred to a spherical birefringent particle, which is depicted in ﬁgure 2. The torque applied by the laser
beam is
τo =
∆σP
ω
, (1)
where ∆σ is the change in the degree of polarisation, for which the trapped particle is responsible, P is the
laser power and ω is the optical frequency. The viscous drag torque on this rotating spherical particle has a well
known form14 for low Reynolds number ﬂows and Newtonian ﬂuids,
τd = 8πηa3Ω. (2)
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Figure 1. On the left is a schematic showing the shell model used to model the heating in the optical trap. Each layer
has a diﬀerent temperature which is depicted by the change in colour. For a very large number of very closely spaced
shells, the temperature variation in the liquid outside the surface of the particle will look light the plot on the right.
This allows the viscosity to be found,
η =
∆σ
8πa3Ωω
, (3)
where a is the particle’s radius and Ω is it’s rotational frequency.
However, in practice, this simple relationship is complicated by slight absorption of the laser light by the
trapped particle which means that there is a temperature increase of the ﬂuid within the particle’s immediate
vicinity. Viscosity is dependent on temperature, so this needs to be accounted for. To model this, we consider a
series of shells surrounding the particle (ﬁgure 1), between which there is ﬂuid at a constant temperature. For
an inﬁnite number of closely spaced shells, the viscous drag torque on the particle becomes
τd = 8πη(r)r6
dΩ
d(r3)
, (4)
which is derived by extending a single-shell model10, 14 to an inﬁnite number of shells model. We can ﬁnd η(r)
from η(T ) which comes from accepted experimental data for a particular liquid. Temperature, T is related to
the distance from the centre of the sphere, r, by the relation
T (r) =
γ
r
+ T0 (5)
where γ is a constant which is found in our experiment. T0 is the room temperature. Figure 1 shows the
temperature distribution in the ﬂuid outside the particle.
3. EXPERIMENT
The experimental setup is shown in ﬁgure 2. A Nd:YAG laser is used for trapping, which has a power output of
800mW at a wavelength of 1064nm. A half wave plate and a polarising beam splitter cube are used to control
the power. A telescope expands the beam so that it ﬁlls the back aperture of a high numerical aperture objective
(NA = 1.3, Olympus P100). The laser is circularly polarised by a quarter wave plate immediately before the
objective. A high numerical aperture (NA = 1.4) oil immersion condenser is used to ensure the transmitted
trapping laser is collected. The sample is held on a piezo driven xyz translation stage. A polarisation analysing
system, that consists of a quarter wave plate followed by a polarising beam splitter cube with two photodetectors
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Figure 2. On the left is a schematic showing a trapped birefringent particle. The polarisation of the laser is changed
by the particle as it acts like a waveplate. The spin angular momentum content of the beam has been changed by the
particle, so a torque must be applied by the laser to the particle. On the right is the experimental setup used in this
paper.
at the outputs of the cube, follows the microscope. A third photodetector is positioned to measure a linearly
polarised component of the transmitted laser light. These three detectors measure all the required parameters
for a viscosity measurement: the optical torque and the rotation rate of the particle.
4. RESULTS AND DISCUSSION
The viscosity of methanol, as measured by our optical tweezers based microviscometer is shown in 3. It is clear
that the measured viscosity decreases as the trapping laser power increases. The form of the ﬁt is
η = η0
(
1
1 + βατ
)
, (6)
where η0 is the room temperature viscosity, τ is the optically applied torque (laser power× change in polarisation)
and α and β are constants. This is a heating eﬀect caused by absorption of the trapping laser, as has been
described in the theory section of this paper. Therefore we can no longer calculate the viscosity from equation
3, as this requires a constant value of viscosity within the surrounding liquid. Instead the viscous drag torque is
given by equation 4. Plotting the parameters that are measured experimentally, we get ﬁgure 4. We again see
the inconsistency with equation 3, as the rotation rate is not linear with optically applied torque. The form of
the ﬁt is
Ω(τ) = ατ + βτ2. (7)
The linear component of this ﬁt can be used to give the room temperature viscosity as
α =
1
8πη0a3
so η0 =
1
8παa3
(8)
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Figure 3. Measured viscosity of methanol. This plot does not take into consideration any heating that may occur. The
diameter of the vaterite particle used here is 3.2 µm.
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Figure 4. The rotation rate of the trapped particle as a function of the applied optical torque. Heating in the trap causes
the nonlinear behaviour shown in this plot.
which is found be rearranging equation 2. The temperature increase can also be found using the shell model and
we ﬁnd that in this case the surface temperature of the particle rises 66 ◦C/W.
Our microviscometer works for a range of viscosities, as is shown in ﬁgure 5. A series of solutions with diﬀerent
concentrations of glycerol were chosen because the relationship between viscosity and glycerol concentration has
been well characterised.15 In addition the glycerol molecules are short, which means the ﬂuid exhibits Newtonian
behaviour. The measurements with our microviscometer compare well with the accepted values of viscosity.
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Figure 5. The viscosity of glycerol solutions as a function of the concentration of glycerol. The data points measured by
our microviscometer agree well with the accepted values of viscosity for glycerol solutions.
5. CONCLUSION
We have demonstrated a microviscometer that measures the room temperature viscosity of a ﬂuid and the mea-
surement works for liquids that vary in viscosity by two orders of magnitude. This microviscometer could be
applied to measure the viscosity within microscopic structures, such as biological cells, or for viscosity measure-
ments of medical samples where only microlitre volumes are available. In the future we plan to apply time-varying
torques to the trapped particle which will allow us to determine the elastic response, as well as the viscosity, of
viscoelastic polymer solutions for a range of driving frequencies.
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